A new and simple method is proposed for determining the radiation Q of an antenna using the finite difference time domain (FDTD) method. The numerical results are compared with analytical formulas and good agreement is reported.
Introduction: Miniaturisation of RF devices is very important for development in the next generation of wireless communication systems. The size reduction technique must be applied not only to the RF circuit but also to the antenna. The size of antenna is the most difficult parameter to reduce. The quality of antennas can be evaluated using the quality factor Q. This quantity of practical interest is very important to characterise electrically small antenna performances (the higher the antenna Q the smaller the impedance bandwidth).
For an antenna, the following definition for radiation Q is generally accepted:
where o is the radian frequency, W e and W m are the non-propagating average electrical and magnetic energies stored in the near field of the antenna and P rad denotes the power radiated by the antenna. The electrical and magnetic energies stored are given by
where E and H represent the electric and magnetic fields, e and m are, respectively, the permittivity and the permeability of the medium. The evaluation of the lower bound of antenna Q enclosed in the smallest circumscribing sphere (as defined by Wheeler [1] ) can be traced back to Chu [2] and was quoted by others in related works over the following years (Collin and Rothschild [3] , Fante [4] , Hansen [5] and McLean [6] ). This lower bound has been found to be elusive to achieve in practice since it does not take into account the energy stored in the near field of the antenna (inside the sphere).
More recently, Thiele et al. [7] have used the far field approach to obtain a more realisable bound and Geyi [8] has proposed analytical formulas for small ideal (canonical) antennas taking into account the energy stored in all the space, including inside the sphere.
In this Letter, we propose a simple method for determining numerically the radiation Q of an antenna using the FDTD method. By using this method, we can, like Geyi [8] , obtain all radiated and stored energies in the near and far fields of the antenna. The main advantage of our approach is that it is not restricted to simple and canonical antennas and can be applied to any kind of antenna in any environment.
We will first introduce our method of calculation and present its main characteristics. Finally, we will compare our new approach with analytical results from the literature [6, 8] for an electrically small dipole antenna. Q computation with FDTD: The aim of this work is to show the capacity of the FDTD in the determination of the antenna Q factor. The use of numerical methods is already widespread in the study of antennas, but it is the first time that they have been used to evaluate the antenna Q factor. We use the same fundamental definition of Q as the previous authors, given by
In this definition, one considers that the antenna is brought to the resonance by an appropriate lossless circuit element to obtain a purely real input impedance. The FDTD computational volume is discretised into elementary cells called Yee cells (Fig. 1) . The electric and magnetic energies W e and W m can be written as
with DV ¼ dx Á dy Á dz, where dx, dy and dz are the spatial steps defining the FDTD mesh (Fig. 1) . We should mention that the volume integral (4a) and (4b) gives the total energy, which is the sum of stored and radiated energies. We deduce the nonpropagated energy by subtracting the radiation energy from the total one. The radiated energy W rad is given by the following formula [3] W rad ¼ r c ReðDs Á X XS ÁnÞ ð 5Þ where S ¼ 1=2Ẽ Â H* is the complex Poynting vector, and r, the radius of the computation volume, c the speed of light in the medium and
becomes
Knowing the radiated power in the far field, we can calculate the quality factor. The post-processing is carried out with MATLAB software while the values of the electric and magnetic fields are determined by FDTD computation. In this study, the stored energy of electric and magnetic fields is calculated in a cubic volume rather than in a sphere. There is therefore a slight increase of the Q value, which must be taken into account when comparing with other approaches.
Comparatives results:
As an example, we consider a small electrical dipole which has been treated by McLean and Geyi [6, 8] where the formulas of Q from (6) is written as follows:
According to McLean [6] , the minimal radiation quality factor value of an electrically small antenna in linear polarisation can be obtained from the following formula:
This analytical calculation of Q takes into account only fields located outside the minimal sphere defined by Wheeler, which encloses the antenna. The second approach proposed by Geyi [8] is completely analytic. He exhibits some analytical formulas which give the 'exact' value of the quality factor for simple antennas like small lossless dipole, small ring or folded antennas. The Q of small dipole antenna is given by
where a 0 is the dipole radius and a is the sphere radius. We compare our numerical Q value with the results of (8) and (9) in order to validate our method.
The dipole antenna has a length of 30 mm and a diameter of 0.2 mm. The FDTD spatial steps are equal to 3 mm.
In order to study the Q convergence as a function of the volume dimensions containing the antenna (Fig. 2) , we will consider two cases: one where the volume dimensions are equal to the antenna length (b ¼ 15 mm) and thus only the stored energy inside the minimal The Q obtained by McLean (Q min ) is the lowest value because only the stored energy outside the sphere is considered. This value is obviously lower than the value of Q obtained by Geyi which takes into account all the space. The Q of the FDTD method calculated inside the cubic volume of the first case, where the b ¼ a ¼ 15 mm, is greater than the Q min and almost equivalent to the one obtained by Geyi. This means that most of the non-propagating energy is stored inside the minimal cube.
When we increase the volume, the Q obtained by FDTD increases slightly and tends towards Geyi's results.
Conclusions:
In this Letter, we have developed a new method for the calculation of the antenna quality factor by using the numerical method FDTD. The results obtained with our method are compared with the analytical approach of McLean and Geyi. The results show good agreement between the FDTD and Geyi formulation. More results of other small antennas will be given in the near future. The main advantage for using FDTD is that one obtains a good value of the realistic Q factor. Moreover, the method is very general and can be used easily to characterise antennas of any shape or complexity. 
